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Local probes, such as electron and photon tunneling, atomic force, and capacitance probes, are
excellent sensing means for displacement and other related sensors. Here we introduce applications
of a new local probe using evanescent microwave pt&a4P) in displacement sensing with a very

high vertical spatial resolutiof0.01 um at 1 GH3, very high bandwidti100 MH2), and stability.

The EMP has been used in the characterization and mapping of the microwave properties of a
variety of materials in the past and its application in gas sensing and thermography was recently
explored and reported. The interesting feature of the EMP is that its characteristics can be easily
altered for a specific sensing application by changing its geometry and frequency of operation.
© 1999 American Institute of PhysidsS0034-67489)04308-1

I. INTRODUCTION have shown that the evanescent microwave p(&iéP) can
be used in imaging microwave resistivity and nonuniformi-

Many different sensors rely on the measurement of dis=~ . ) _ i . o :
placement and, in most cases, measuring displacement aligs in a variety of organic and inorganic materials including

force are closely relatetdEor example, by knowing the elas- Metals, semiconductors, insulators, and compoSitedt is
tic properties of a structure, force can be calculated from thé/ell known that evanescent fields can be used to resolve
displacement measurement of that structure. Displacemefatures smaller than the classical Abbe limit. Both evanes-
sensors are the essential parts of many other more gene@nt optical waves and microwaves have been used in high-
sensors, as We" For examp|e, disp|acement Sensors can @Olution |mag|ng to reSOIVe featureS SeVeral times Sma”er
used along with appropriate sensitive layers to sense gastan the wavelength of radiatién'® We have shown that it
and chemicals and their reactions. is experimentally possible to obtain a lateral resolution of
Different transduction methods can be used in sensinground 0.4um at 1 GHz operation frequeritysing a ta-
displacement. There are basically three categories of methpered microstripline resonator with a fine wire tip. This lat-
ods that may be used smalldisplacement sensor&@) elec-  eral spatial resolution was 200 times better than our first
trical, (b) magnetic, andc) optical. Electrical methods in- reported resolutiofi.According to our estimations, 0.gim
clude: (i) capacitive, (i) piezoelectric,(iii) piezoresistive, resolution imaging using EMP operating at 10 GHz is
(iv) tunneling current, an¢v) evanescent microwave. Mag- possible’
netic methods includgi) magnetization methodsii) mag- Evanescent fields are used in other frequency regimes as
netoelastic methods, andiii) external magnetic field well.2*'1~1* Near-field scanning optical microscopes use
methods:? Optical methods include two separate categoriesevanescent fields to provide resolution on the order of 10—
(@ free-space methods antb) guided-wave methods. 100 A using light of 6000 A wavelength. Atomic resolutions
Guided-wave methods can be further divided into fiber-opticare achieved by using evanescent electron wave functions in
and integrated-optic devices. Although acoustic methods cagcanning tunneling microscopy.
also be used as sensing means because of their relatively Evanescent microwave imaging methods Comp"ment
poor resolution, compared to the above methods, they are nglectronic and optical microscopes in the range of 0.01
used in displacement sensing. wm—1 cm. Their main advantage is the ability to image sub-
The main objective of the present study is to introducegyrface features in poorly conducting materials, and to image
and discuss applications of the evanescent microwave methy |k properties, due to greater penetration depth of micro-
ods in sensing displacements in the range 100 A~5 mm. W@ aves; in insulators. Due to fast scan rates, and the possibil-
ity of using parallel probes, large-scale mapping of unifor-
3Electronic mail: mxt7@po.cwru.edu mities in materials can be performed by EMPs. Since it is a
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FIG. 1. (a) Microstripline resonator and probe assembly. Evanescent waves .
extend out of the tapered tip of the resonatby. Schematic of the probe— e

sample interaction area.

noncontact, noninvasive, and nondestructive method the
EMP will also be very useful in the semiconductor fabrica-
tion environment.

Our research in evanescent microwave imaging has con
centrated on using microstriplinegshown in Fig. 1, '

.. 7 . X . Frequency (GHz)
striplines’ and other two-dimensional waveguide structtires (b

that have the following unique advantages. The resolution of

. . . .FIG. 2. (a) The EMP resonant frequency depends on the conductivity of
the EMP can be engineered over a wide range by using dnJsfamples placed near its tigb) In free space, the EMP has the highest

ferent microwave substrate thickness and dielectric conresonant frequency; for an insulat@uroid) sample, the EMP’s resonant
stants, tapering angles, feedline-to-resonator couplinffequency becomes lower; for a metallic sampdéuminum, the EMP's
strength, and various apertures in addition to frequency. WESenant frequency becomes even lower.

discuss some of these design parameters in Sec. Il. More-

over, .the planar EMP can be i.nt_egrated with silicon micro—usua”y chosen to yield maximum change in the probe’s re-
machined parts to produce miniature parallel and compagfection coefficient for a given range of parameters in a

probes. sample.
Given a change in the reflection coefficieh§;; per a
Il. OPERATION PRINCIPLES small change ofAd in the distance between a perfect con-

ductor and the probe’s tip, we can only det&c,, if it is

EMP principles of operation are explained using a mi-equal to or larger than the combined noise produced by the
crostripline resonator geometry shown in Figa1When an  circulator/detector/amplifier circuitFig. 3. This require-
object is placed in the vicinity of the tip of the resondfig.  ment of signal to noise ratio of unity is an arbitrary require-
1(b)], the resonator’s reflection coefficient changes as showment since it can be improved by using synchronous detec-
in Fig. 2a).*1% Both the resonance frequendy and the tion methodd.
quality factor of the resonatd@ are affected by the presence As shown in Fig. 2a), the detected signal S, can be
of the sample as can be clearly seen in Figp) 2 related to the slope of the resonatorf aif, is the operation

The amount of change in the resonaridd, andAQ)  frequency that is kept fixed throughout the measurement
depends primarily on the microwave properties of the samplgsing the following relationship?

as well as on the distance between the resonator’s tip and the

sampled, and the tip’s effective arelq. AS;~ £11
Different signal detection methods can be used to moni- Af |,

tor the microwave properties of a sample using an EMB.

can be seen in Fig.(8), one can fix the operation frequency ~ The slope £S;;/Af ) is the sensitivity of the resonator

atf, and monitor the change in the reflection amplitudds  at f, and it will be denoted byS,. Furthermore, the

X Af. 1

X
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TABLE I. Typical parameters of the EMP used in the present work.
A d Lo Ce fo Co Vin

Vnmrs

- )

Lock-in Amplifier

Oscillator (100Hz) gery::z)lr (en) (um) (H) (PH (GHz (PP Q (mV) (V)
6.4<10°° 01 8x10° 8 1 3.18 1000 20 10

Stepper Motor Controller

Circulator

: 5 oA also occurs when the sample is nonuniform and its region of
: ﬁ; 0.01-15 GHz higher conductivity moves inside the probe’s interaction re-
& ~ Resonator section gion. Thus, it is important to differentiate between distance
2 l Py P;::I . variations and variations in the microwave properties of the

T T sample. In practice both the sample conductivity and probe-

to-sample distance may change as the probe scans over the
surface. Fortunately, the distance variation results in an ex-
ponential change in the probe’s output while the sample non-
uniformities usually occur over larger length scales.
@ The interesting aspect of our approach, as given in Eq.
' (3), is that the internal probe characteridfigven byS,) can
be completely separated from the external probe interaction
(given by Sy). To calculateS; we note that the resonator’s
Probe quality factor in the presence of an external objext is
given by 1b(CyR;, wherew| is the resonance radial fre-
quency of the perturbed prob€), is an equivalent capaci-
tance of the resonator, arf®, is its equivalent resistance.

X Positioner

Y Positioner

Base

Motor #2
I_m

Circulator

z-stepper motor

x-y stage and

sample holder

— X-stepper motor These pgramgters are extensively discussed in Ref. 7. Using
the relationship betwee®’, we can solve for the resonance
frequencyf:

o1 (4
O 27RLCHQ
FIG. 3. (a) Schematic of the experimental setdp). The probe housing and Next we use Eqs(10b) and(13) in Ref. 7 forCj and R} :
the x—y—z scanner arrangement. ,
Cy~Co+C¢ 5

minimum-detectable signaMDS) is defined as the smallest and for a highly conducting sample where its surface resis-
change in the inputi.e., the measurgdthat produces an tanceR; is very small,

output AV,,=AS;,V;,) equal to the rms value of the noise L 2~ _

Vams. We note that in the case of conducting samples with Ro~Ro+RsCet™(Cc=Co)~Ro. ©)
large conductivities,AS;; can be written asAS;;/Af  The coupling capacitandg, is approximately given by
=(AS;41/Ad)(Ad/Af). Thus, for MDS we can write

C.— €0Peff 7

AS)1=Vims!/ Vin i) c d - (

and Using the above equationS, can be calculated as
MDS=ad= TS (3) ___Cofeilo @

SSy d(Cod+ €0Aerr)

where Sq is Ad/Af, and Ad is the smallest detectable Using typical values shown in Table I, it can be seen that

change in the displacement. Equati@ clearly shows that Cod> €oAqsr. Thus, Sy becomes

to improve MDS, botls, andS; should be maximizeds, is 714 . o

related to the quality factor of the resonator, whig is _ €oAeiifo  8.854x 10 X6.4X10 X 10"

determined by the physical interaction between the evanes- Cod? 3.18<10 12x 1076

cent fields and the sampl§, is the sensitivity of the probe. —1.8%10%9 )

Figure Ib) schematically shows the interaction between
the EMP and a sample located near its tip. The field patternk is interesting to note tha$y has ad~ 2 dependence on the
at the surface of the uniform sample are spread over an areistance between the probe tip and the sample. This is in
denoted byA,~A, WhereA, is the physical area of the tip contrast with most of our published work that indicates an
andA.¢ is an effective interaction area that is usually largerexponential dependence on distance when the tip is very near
than A, because of the fringing fields. If the sample movesthe conducting sample. The main reason for this apparent
toward the tip, the coupling increases and the probe’s outpudiscrepancy is the approximate analytical form of @ethat
changes accordingly. A similar change in the probe’s outpuis given in Eq.(7). The contribution of the fringing fields to
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the coupling capacitance of the EMP is discussed in Ref. 7 Itis interesting to note that both Eq4.2) and(18) result
and they are also discussed in Ref. 4 for more general casdn. a similar MDS values. This is mainly because for
Assuming that the resonator is matched to the character< ¢~ >0, the 14? dependence of Eq9) ande ¢ depen-
istic impedance of the feedline at resonance frequéney,  dence of Eq.14) are similar. The circuit approach that is
Ry~Z, at w= (), as shown in Ref. 7Sx(=d811/df|fx) is  used in defining the coupling capacitance is only an approxi-

given by mation and it does not account for the decay of electromag-
) netic fields near the tip. Using the electromagnetic calcula-
SﬁSﬁQ ( B A_‘l’) %S@( 1— A_‘*’) (10  tions we have shown that * of theses fields directly scales
) o} wo wg )’ with frequency anc~! becomes shorter at higher frequen-
where w=wg+Aw and Aw/wy<1l ands=-1 if w<wg cles.
ands= +1 if > wq. Thus, the sensitivity is proportional to
the quality factor of the resonator, as expected. lIl. EXPERIMENTAL RESULTS AND DISCUSSIONS
For the EMP used in our workQ=1000 atwy=2m
X 100=6.28x 10" and S,~2.25x10 7 (s} for Aw/w, The experimental setup is shown in Fig. 3 and it is simi-
Using Egs.(9) and (10) along with (3), the MDS be-  crowave resonator coupled to a feedl[ifég. 1(a)] and con-
comes nected to a circulator. The circulator is also connected to a
0.01-15 GHz signal generator, and to a crystal microwave
MDS=Ad= Virms 2d(Cod + €9Aef) _ (11) detector. The detector output is a dc voltage proportional to
Vin Q(1—Af/fp)eoAes the magnitude of the reflected wave. This voltage is fed to an

amplifier and subsequently to a lock-in amplifier. The probe
is mounted vertically over ax—y stage. Both thex—y
stage and the frequency generator are controlled by a com-

For typical values ofS; and S, respectively, given in
Egs. (9) and (10), we find a typical numerical value for

MDS: puter that also acquires data from the lock-in amplifier. In
Vs 2md(Cpd) synchronous measurements, either the probe or the sample,
MDS=Ad~ Vi, Q(l_Af/fo)eerﬁzo'ozs’U“m' are vibrated at=100 Hz.
(12 Transduction speed, resolution, and drift are the main

parameters of importance in the displacement sensors. Pack-
aging, cost, and other more practical considerations are also
important but they lie beyond the scope of the work pre-
sented here.

Sf=C(f,o)e ¢, (13 The transduction bandwidth in our case was limited to 1
kHz by the lock-in amplifier used to perform the synchro-
nous detection of the EMP signal and it can be increased to
100 MHz by using a faster lock-in amplier or by changing
the detection electronic.

To use the EMP as a displacement sensor, it is essential
to examine how its resolution is affected by the geometry of
Sy=—&£C(f,0)e ¢, (14)  its resonator. First, the EMP’s resonator can be constructed
using different microwave substrates with different dielectric
constants and thickness. Second, the strength of coupling

Sll:(l_ef(fffo)zl(Af )2), (15) betwgen the reson;_ator an_d_ the feedli_ne can be chosen_ to re-

sult in undercoupling, critical coupling, or overcoupling.
whereAf is the bandwidth of the resonator. ThUS, the reso-Third' the resonator t|p can be tapered with different ang|es

In regions where,; ; exhibits exponential dependence on
distance, the resonance frequency can be writtefy)ad
+ 6f with &f given by

where ¢ is the conductivity of the cantilever beam at the
probe frequency an@ is a coefficient that is a function @f
andf, and ¢ is the effective decay length of the evanescen
field at the tip of the probe. Thus the probe sensiti8gyis
given by

Furthermore S;; can be approximately written by

nator's sensitivityS, is given by and a wire tip can be attached to the tapered region to further
2(fo—1) improve the EMP’s resolution.
SX:W(l_S“)' (16) The effect of substrate parameters and coupling strength

on the EMP resolution are discussed previously and it is
Using Egs.(13) and (16) along with (3), we find the shown that the critical coupling results in the shortest field
following MDS: decay length near the EMP’s tip.
v (Af )2ef The change in the EMP’s output as a function of the
MDS=Ad= —m ) (17)  fip-to-sample distance shown in Figs. 4 and % 1in these
Vin 26C(f,0)(f—fo)(1-S1y) cases ranged from 2m to 4 mm.£ depends on the operation
Typically (1-S;)~0.5, f—fo~Af/2, C(1GHz, 16s) frequency, the ta.pering angle of the rgsoné&;ae Fig. )],
~2.2¢10f MHz, £€=1/10pum™ %, d=10um, V,,~20V, and  the length and diameter of the wire tip gttached to the reso-
V,me~20 mV. Thus, for these typical values, MDS becomeshator, the resonator’s substrate dielectric constant and thick-
ness, and the coupling strength between the resonator and the
feedline section. All these parameters are shown in Fig. 1
and they are discussed in Refs. 4-9. Thus, even without

etd
MDS=Ad=4.5x 10*4?w0.01ﬂm. (18

Downloaded 09 Oct 2001 to 128.156.10.11. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



Rev. Sci. Instrum., Vol. 70, No. 8, August 1999 Evanescent microwave probes 3385

0.7 r v r T r 0.8F =
06f Critically-Coupled
- 0.6 -
= ]
;E» 05 % ]
£ g ]
g 0.4f 8 0.4} .
o = ]
c L J
B'g % 0 2 - -
Q o
@ 0.2
o
04 0.0E_ . . . . A
0 20 40 60 80 100
0 : . . N Distance (jum)
0 0.2 04 06 0.8 1 1.2 14
Distance {(mm) (a)
(a)
Hydrogen (%)
049 0.8 1.06 1.4
1.0ff T T T T
Signal
Hydrogen Uwave probe
b =
w w051
. 1 0.0 1 1 1 ! 1 1
. . L 0 1 2 3 4 5 6
0.0E3 0.2E3 0.4E3 0.6E3 0.8E3 1.0E3 1.2E3 Deflection (1m)
Distance (um) (b)

(b)

. e " FIG. 5. (a) S;; of a 10 GHz EMP with a wire tip and 60° tapering on a
FIG. 4. () Comparison of decay characteristic lengths for critically coupled p i sypstrate of 10.8 relative permittivit§h) Deflection of a palladium

EMP on Duroid with two different permittivitiesb) The effect of tapering  ;,ateq cantilever beam exposed to hydrogen and detected by an EMP at 1
angle and a wire tip on the decay length. GHz.

) ) o . ment of the fields also reduces their extension inzk@ec-
changing the operation frequency it is possible to vary theﬁon hence, reducing .

distance sensitivity of the probe over a wide range. As we mentioned in the beginning of this article, dis-
Figure 4a) shows the effect of the substrate permittivity ,\3cement sensing is used in a variety of other sensors in-
on the characteristic decay of the fields near the EMP’s t'pcluding gas sensors. To illustrate this point, Figh)5shows

All the resonators we used in our probes had(b@harac-  the application of the EMP in detecting deflection of a pal-
teristic !mpedance and, hence,.larger permittivity substrateg,qium coated cantilever beam that was exposed to hydro-
were thinner and they resulted in shorter decay leng&s  gen_ |t is well known that palladium absorbs hydrogen and as
4@)] . _ o a result its volume expands. The expansion in the volume of
The effect of the tapering angle is shown in Figolfor 5 thin-film palladium deposited over a compliant substrate
a 10 GHz EMP with a dielectric substrate of 3.8 relativeg,ch 5 cantilever beam, results in the bending of the cantile-
permittivity. The untapered tif0°) had the '0”9955_1 of 2 ver beam. The amount of the bending depends on the Young
mm. ¢t monotonously decreased as the tapering angle Wagodulus of the substrate and the thin film, thickness, and
increased and it was 300m at 60°. A¢~* of 100 um was  dimensions of different layers, as well as on the stress be-

obtained using a wire tip attached to the 60° tapered probe a§een layers. The stress between the Pd film and the canti-
can be seen in Fig.(8). The decay length was further re-

duceq FO. 4um by USing a qie|eCtriC SUbStra_te Of 10.8 relative TaBLE II. Deflectionsd of the Pd-coated cantilever beam and calculated
permittivity as shown in Fig. @). The MDS in this case was stress and straineE ¢/Y) in the Pd film as a function of hydrogen concen-
0.1 um. Although, not of interest in the present application, trations. Strain of a bulk Pd is also given.

the wire tip also significantly improves the lateral resolution

of the EMP. H, conc. (%) Deflection,d (um)
The main question is how the tapering of the probe’s tip 0.49 3.0

or attaching a wire reduces 1? This can be seen by noting cl’-gg i-g

that as the EMP tip is tapered the fields become more con- 141 P

centrated and confined near the apex. The lateral confine
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